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Synechococcus sp. PCC 7942Exposure of wild type (WT) and plastocyanin coding petE gene deﬁcient mutant (ΔpetE) of Synechococcus
cells to low iron growth conditions was accompanied by similar iron-stress induced blue-shift of the main
red Chl a absorption peak and a gradual decrease of the Phc/Chl ratio, although ΔpetE mutant was more sen-
sitive when exposed to iron deﬁcient conditions. Despite comparable iron stress induced phenotypic
changes, the inactivation of petE gene expression was accompanied with a signiﬁcant reduction of the growth
rates compared to WT cells. To examine the photosynthetic electron ﬂuxes in vivo, far-red light induced P700
redox state transients at 820 nm of WT and ΔpetEmutant cells grown under iron sufﬁcient and iron deﬁcient
conditions were compared. The extent of the absorbance change (ΔA820/A820) used for quantitative estima-
tion of photooxidizable P700+ indicated a 2-fold lower level of P700+ in ΔpetE compared to WT cells under
control conditions. This was accompanied by a 2-fold slower re-reduction rate of P700+ in the ΔpetE indicat-
ing a lower capacity for cyclic electron ﬂow around PSI in the cells lacking plastocyanin. Thermoluminescence
(TL) measurements did not reveal signiﬁcant differences in PSII photochemistry between control WT and
ΔpetE cells. However, exposure to iron stress induced a 4.5 times lower level of P700+, 2-fold faster re-
reduction rate of P700+ and a temperature shift of the TL peak corresponding to S2/S3QB− charge recombina-
tion in WT cells. In contrast, the iron-stressed ΔpetE mutant exhibited only a 40% decrease of P700+ and no
signiﬁcant temperature shift in S2/S3QB− charge recombination. The role of mobile electron carriers in modu-
lating the photosynthetic electron ﬂuxes and physiological acclimation of cyanobacteria to low iron condi-
tions is discussed. This article is part of a Special Issue entitled: Photosynthesis Research for Sustainability:
from Natural to Artiﬁcial.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
The photosynthetic apparatus represents one of the most iron
enriched cellular systems, requiring 22–23 atoms of iron in a single
copy of the linear electron transport chain in oxygenic photoautotrophsCMU, 3-(3,4-dichlorophenyl)-
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rights reserved.[1–3]. This makes phytoplankton highly sensitive to the limited avail-
ability of iron and can signiﬁcantly reduce the global primary produc-
tivity in aquatic ecosystems [4–6]. Diverse effects of Fe-limitation on
the growth of various cyanobacterial strains have beenwell established
and reviewed [2,7,8]. Cyanobacteria respond to limited iron availability
by reducing the amount of phycocyanin (Phc) and Chl a per cell [9,10]
and the number of iron-containing proteins within the photosynthetic
apparatus [11]. A large decrease in the number of thylakoidmembranes
and phycobilisomes [12], a blue shift of 5–6 nm in themain red absorp-
tion band of Chl a [9,13] and the appearance of the iron-stress induced
Chl–protein complex CP43′ associated with the isiA gene product
[14,15,7] forming a characteristic antenna ring of 18 CP43′ molecules
around trimeric PSI [16,17] are distinct characteristics of iron-stressed
cyanobacteria. Although in vitro data indicated that the CP43′ ring
structure associated with PSI under Fe limitation acts to enhance the
light harvesting efﬁciency of PSI [16,17], in vivo measurements of PSI
absorption cross-section failed to conﬁrm the in vitro measurements
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state has been demonstrated to be one of themajor effects of iron stress
in cyanobacteria [18]. In addition, growth under iron limited conditions
of Synechococcus sp. PCC 7942 is also associated with carotenoid accu-
mulation and enhanced fatty acid unsaturation [19].
Along with these diverse structural/compositional changes, iron
limitation imposes a number of functional restrictions on photosystem
II (PS II) and photosystem I (PSI) photochemistry [11,15,20], inhibits
the linear intersystem electron transport [20] and reduces the capacity
for state transitions resulting in cyanobacteria being locked in state I
under iron stress conditions [18]. However, despite the lower abun-
dance of PSI associated polypeptides in iron stressed cells, the remain-
ing PSI centers exhibited enhanced rates of P700+ reduction implying
enhanced capacity for PSI cyclic electron transport [20,15]. It has been
hypothesized that along with the dynamic capacity to uncouple PS II
and PS I from the linear electron transport, possible enhancement of
the PSI-dependent cyclic electron ﬂow generating additional proton
gradient andATPmay be a key factor to sustain growth, viability and ac-
climation of cyanobacteria when sufﬁcient iron is not available in its
surrounding environment [20,15]. Clearly, mobile electron carriers,
plastocyanin (PC) and cytochrome (Cyt) c553, having redundant func-
tions in both linear and cyclic electron transport [21], would be in-
volved in the process of acclimation of cyanobacteria to low iron.
Plastocyanin is a type I copper-containing (Cu-), soluble, low mo-
lecular weight protein involved in linear as well as cyclic electron
transport in oxygenic photosynthetic organisms, which catalyzes
electron transfer from the membrane-bound Cyt b6/f complex to
P700, the reaction center of PSI, by reversible oxidation and reduction
of its active copper center [22,23,21]. In the chloroplasts of eukaryotic
photosynthetic organisms, electron transport between the Cyt b6/f
complex and PSI is carried out exclusively by PC, which is a nuclear
encoded by two genes petE1 and petE2 with redundant functions
[24] and is absolutely necessary for photoautotrophic growth [25].
Moreover, the environmental and/or nutritional control of petE ex-
pression provides adjustments of the electron transport capacity
[26]. In contrast, PC or/and Cyt c553 can alternately serve as electron
donors to PSI in the light driven photosynthetic electron transport in
cyanobacteria [27,28]. The ratio of the two proteins is regulated by
the availability of copper in the growth medium in most photoauto-
trophic cyanobacteria [29–31], although the level of petE expression
in Synechococcus was reported to be insensitive to variable copper
concentrations during acclimated growth [32].
It has been demonstrated that deletion of the genes for PC and/or
Cyt c553 exhibited a minimal [33,28] to a moderate decrease of the
photoautotrophic growth in cyanobacteria [32]. However, the loss of
plastocyanin resulted in lower capacity for electron transport in
ΔpetE mutant of Synechococcus [32]. Since acclimation of Synechococ-
cus sp. PCC 7942 to iron stress has been suggested to depend on
remodeling of the photosynthetic apparatus by restricting the linear
electron transport and simultaneously increasing the capacity for
PSI-dependent cyclic electron ﬂow [20,15], a ΔpetE mutant with in-
trinsically compromised capacity for linear electron transport [32]
was used to assess the validity of this assumption. In the present
study, we compared the growth characteristics, PSII and PSI photo-
chemistry, as well as the capacity for linear and PSI-dependent cyclic
electron ﬂow in WT and a ΔpetE mutant of Synechococcus sp. PCC
7942 under control and iron stress conditions in order to elucidate
the regulation of electron ﬂow in the mechanism(s) by which this cy-
anobacterium adjusts to growth under Fe-limited conditions.
2. Materials and methods
2.1. Strains and growth conditions
Synechococcus sp. PCC 7942 cells of both wild type and ΔpetE
strains were grown axenically in liquid BG-11 inorganic medium,buffered with 10 mMMOPS (pH 7.5) [34]. The ΔpetE strain was main-
tained on solid BG-11 plates and in liquid precultures with 5 μg mL−1
of the antibiotic kanamycin to maintain selection. Experimental batch
cultures of ΔpetE were grown without kanamycin to eliminate the
possibility of antibiotic-induced changes in phenotype [32]. Cultures
were grown in 80 mL of fresh growth medium in rod-shaped glass
tubes, bubbled with 5% CO2 (v/v) in air at 35 °C with continuous illu-
mination of 50 μmol photons m−2 s−1 of white light (400–700 nm)
(Philips TLD 18 W/950 ﬂuorescent tubes) as in [20,35]. Iron limitation
was achieved by adding a fraction of Fe-sufﬁciently grown cells to a
BG-11 medium where Fe-citrate had been excluded. To remove resid-
ual iron, all glassware used for cell growth in the iron-deﬁcient medi-
um was washed 3 times with 1 mM EDTA prior to use. Cells in their
mid-exponential growth phase with a Chl concentration of 2 to
3 μg mL−1 were used for all experiments. All data reported represent
the means of at least three independent experiments.
2.2. Growth kinetics
Growth of the cultures was monitored by changes in the optical
density at 750 nm [36] and Chl a content. Absorption spectra of intact
cells were recorded with a Shimadzu spectrophotometer (Model
MPS-2000). Chla and phycocyanin (Phc) contents were determined
using whole cell spectra according to the method of Myers et al.
[37]. Speciﬁc growth rates (μ) were determined at the exponential
phase of growth. The doubling times (tgen) were calculated as ln2/μ,
where μ is the pseudo-ﬁrst order rate constant for growth [38].
2.3. Thermoluminescence
Thermoluminescence (TL) measurements of control and iron deﬁ-
cient WT and ΔpetE Synechococcus sp. PCC 7942 cells were performed
on a personal-computer-based TL data acquisition and analysis sys-
tem as described earlier [39]. A photomultiplier tube (Hamamatsu
R943-02, Hamamatsu Photonics K.K., Shizuoka-ken, Japan) equipped
with a photomultiplier power supply (Model PS-302, EG&G Electro
Optics) and a preampliﬁer (Model C1556-03) was used as a radiation
measuring set. The heating rate was 0.6 °C s−1. Samples for TL mea-
surements were prepared as follows: 10 mL cultures from both WT
and ΔpetE strains were removed from the culture tubes, centrifuged,
and re-suspended in fresh growth medium supplemented with
5 mM bicarbonate. An aliquot equivalent to 0.2–0.3 mg of chlorophyll
was spotted on to a membrane ﬁlter (0.45 μm) using a Millipore vac-
uum ﬁltration assembly [40,39]. For identifying the S2/S3QB− charge
recombination peaks, dark adapted samples were subjected to two
consecutive saturating microsecond ﬂashes of white light applied by
a ﬂash tube (Type FX200, EG&G Electro Optics, Salem, MA). For this
purpose, the sample was ﬁrst relaxed for 10 min at 35 °C and then
cooled to 2 °C prior to exposing to the ﬂashes. The nomenclature of
Sane [41] and Sane at al. [42] was used for the characterization of
the TL glow peaks.
2.4. P700 measurements
The redox state of P700 in control and iron deﬁcient WT and ΔpetE
Synechococcus sp. PCC 7942 cells was evaluated in vivo as the absor-
bance change around 820 nm in a custom designed cuvette using a
PAM-101 modulated ﬂuorometer (Heinz Walz GmbH, Effeltrich,
Germany) equipped with an ED-800 T emitter-detector and PAM-102
actinic light control units [43,20]. Samples were prepared as described
by [40] and measured at the growth temperature of 35 °C. Far red light
(FR; λmax=715 nm, 10Wm−2, Scott ﬁlter RG 715) was provided by a
FL-101 light source. MT (multiple turnover — 50 ms) and ST (single
turnover — half-peak width 14 μs) saturating ﬂashes were applied
with XMT-103 and XST-103 power/control units, respectively. The sig-
nals were recorded using an oscilloscope card (PC-Scope T6420,
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installed in an IBM-compatible personal computer. Data analysis was
performed using a Microcal™ Origin™ Version 6.0 software package
(Microcal Software Inc., Northampton, MA, USA).
Alternatively, the absorption change corresponding to P700 photoox-
idation was measured in both control and iron-stressed WT and ΔpetE
mutant samples under excitation with a saturating ﬂash of white light
exciting both PSI and PSII. Saturating white light pulses (300 ms,
3500 μmol photons m−2.s−1) were provided by a Schott lamp (KL
1500, Schott Glaswerke, Mainz, Germany) and controlled from a Walz
PAM-103 Trigger Control Unit. Flash times of 300 ms and inter-ﬂash in-
tervals longer than 1 s permitted full P700 oxidation and recovery [44].
Stock solutions of electron inhibitors (3 mM DBMIB, 1 mM DCMU)
were prepared in 95% (v/v) ethanol. The concentration of ethanol
added was always less than 0.5% (v/v).
3. Results and discussion
The initial studies on the effects of petE gene inactivation on
growth characteristics in cyanobacteria were controversial. NoA
C
Fig. 1. Time courses of WT (A, C) and ΔpetE mutant (B, D) of Synechococcus sp. PCC 7942
deﬁcient (open symbols)media. The cell density is expressed as changes in optical density
of 10 measurements from 3 to 5 independent experiments.signiﬁcant changes in growth characteristics resulting from the inacti-
vation of petE gene expression were reported [33]. However, subse-
quently a slower generation time for the ΔpetE strain in Synechococcus
sp. PCC 7942 relative to the WT was reported [32]. To re-examine the
effect of petE gene inactivation on the growth characteristics and assess
the development of iron deﬁciency in the ΔpetE strain compared to
WT cells of Synechococcus sp. PCC 7942 a fraction of the cultures
grown in iron sufﬁcient mediumwere transferred to a medium lacking
iron as described previously [20,15]. Cellswere then grown to exponen-
tial phase in an iron sufﬁcient and iron deﬁcient medium and the
growth characteristics were estimated by following the changes in ab-
sorbance and Chl content (Fig. 1). Consistent with the report of Clarke
and Campbell [32], theΔpetE strain under control (Fe-sufﬁcient) condi-
tions exhibited consistently lower exponential growth rates indepen-
dent on the measuring methods, which corresponded to slower
generation time of ΔpetE mutant compared to WT Synechococcus cells
(Table 1).
Conﬁrming a number of earlier reports [12,45,35,20], cultures of
both WT and ΔpetE cells exposed to iron limited conditions exhibited
lower rates of photoautotrophic growth (Fig. 1, Table 1). However,B
D
cells growth characteristics in Fe-sufﬁcient growth medium (ﬁlled symbols) and Fe-
A750 (A, B) and Chl a content (C, D). Mean values±SE were calculated from a total
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limited conditions than WT control cells, the decrease of growth
rates in ΔpetE was almost 2-fold higher relative to WT (29–37%,
Table 1). This corresponded to approximately 1.5-fold longer genera-
tion time and indicates that the ΔpetEmutant has a lower capacity to
adjust to iron stress conditions compared to WT cells.
The observed lower growth rates in cells exposed to low iron con-
ditions were accompanied by the characteristic iron-stress induced
5–7 nm blue-shift of the main red Chl a absorption peak (Fig. 2A, C,
D) and a gradual reduction of the Phc/Chl ratio (Fig. 2B)
[9,10,13–15,20,35,45], although ΔpetE mutant was more sensitive
when exposed to iron deﬁcient conditions. It should be noted that
the initial Phc/Chl ratio in control (+Fe) ΔpetE cells was lower and
reached much lower values after 120 h of growth in an iron deﬁcient
medium (Fig. 2B). The mutant strain exhibited a small, but consistent
blue-shift (1.5 nm) of the main Chl a peak even under control, iron
sufﬁcient conditions (Fig. 2D) compared to control WT cells
(Fig. 2C). Moreover, exposure of ΔpetE cells to iron deﬁcient condi-
tions caused a further gradual blue shift reaching lower wavelengths
(Fig. 2D) compared to WT cells under iron stress (−Fe) conditions
(Fig. 2C). These data show that the lower rates of photoautotrophic
growth of ΔpetE are closely associated with phenotypical changes re-
sembling the initial stages of iron deﬁciency in WT cells. We note that
iron-stress induced phenotypes in both WT and ΔpetE cells did not
depend on growth at 5% CO2 and similar results were obtained at am-
bient CO2.
Clarke and Campbell [32] suggested that the reduced growth rate
of ΔpetEmutant could be due to lower quantum yield of PSII electron
transport. This possibility and the effects of iron-stress induced alter-
ations on the PSII photochemistry in ΔpetE cells were addressed by TL
measurements for direct estimation and comparison of the redox
properties of PSII [41,42]. In agreement with the previous results for
Synechococcus sp. PCC7942 strain [19,39] the TL glow curve of control
(iron sufﬁcient) WT and ΔpetE cells (traces not shown) exhibited a
peak with characteristic TM of around 23 °C (Table 2) corresponding
to S2/S3QB− charge recombination [39,42,46]. In iron deﬁcient WT
cells the characteristic temperature of S2/S3QB− charge recombination
peak was shifted to higher temperatures (29.0 °C), while in the mu-
tant cells exposed to low iron the peak emission temperature corre-
sponding to S2/S3QB− charge recombination was shifted to lower
temperatures (20.7 °C) compared to control cells (Table 2). In addi-
tion, the amplitudes and the integrated areas of the TL peaks repre-
senting the S2/S3QB− charge recombination used for assessing the
PSII photochemistry was only marginally lower (6%) in the ΔpetEmu-
tant compared to WT cells under control (iron sufﬁcient) conditions.
However, when exposed to iron stress the overall TL yield was drasti-
cally reduced (75%) in the mutant cells, whereas the reduction of the
TL emission in WT was only 15% (Table 2).
The shift of S2/S3QB− charge recombination TL intensity peak to
higher temperatures in iron deﬁcient WT cells has been attributed
earlier to the relatively more oxidized PQ pool [19]. This is inTable 1
Growth characteristics of WT and ΔpetEmutant Synechococcus sp. PCC 7942 cells accli-
mated fully to control, iron sufﬁcient (+Fe) and iron-deﬁcient (−Fe) growth media
conditions. Speciﬁc growth rates (μ) and doubling times (tgen) were determined at
the exponential phase of growth using both chlorophyll (Chl a) content and cell densi-
ty (A750) measurements.
Sample WT ΔpetE
Control −Fe Control −Fe
μA750 (h−1) 0.053 0.040 0.038 0.024
tA750gen (h) 13.07 17.32 18.24 28.88
μChla (h−1) 0.061 0.053 0.053 0.038
tChlagen (h) 11.36 13.02 13.02 18.24agreement with the notion that shifts of S2/S3QB− charge recombina-
tion peak temperatures are closely correlated to the extent of a
dark-induced build-up of proton gradient and the reduction of the
PQ pool [47]. Since the photosynthetic and respiratory electron trans-
fer chains of cyanobacteria share common redox components and the
redox state of the PQ pool is controlled by either photosynthetic or re-
spiratory electron ﬂows [48,49], the lower abundance of the
NAD(P)H-dehydrogenase complex (NDH) in cells grown under Fe-
stress conditions [18] may result in down regulation of the dark-
induced proton gradient and higher oxidized state of the PQ pool
[19]. The shift of S2/S3QB− charge recombination in iron stressed
cells with inactivated petE gene implies that the PQ pool remains in
a reduced state despite the restricted NDH-dependent electron ﬂow
under iron-limited conditions [20,15].
In parallel to PSII activity, in vivomeasurements of far-red light in-
duced redox transients of P700 were used as a reliable measure of the
functional activity of PSI as well as the electron ﬂux through the inter-
system electron transport chain in cyanobacteria [50–52,40,20]. Illu-
mination of the sample with FR light resulted in a change in A820
(ΔA820/A820), which reﬂects the oxidation of P700 to P700+ (Fig. 3)
[43]. The extent of the absorbance change (ΔA820/A820) used for
quantitative estimation of photooxidizable P700+ indicated a 2-fold
lower level of P700+ in ΔpetE mutant compared to WT cells under
control iron sufﬁcient conditions (Table 3). Excitation of PSI by far-
red light (715 nm) would only allow PSI-dependent cyclic electron
transport and the kinetics of the subsequent P700+ reduction in the
dark is presumed to reﬂect the relative rate of cyclic electron trans-
port around PSI [50,40,20] as well as respiratory electron transport.
The analysis of post-illumination kinetics resulted in a 2-fold slower
ﬁrst order reduction of P700+ in the ΔpetE cells lacking plastocyanin
(Table 3).
As shown before [20] exposure of WT cells to iron stress induced a
4.5 times lower level of P700+, 2-fold faster re-reduction rate of
P700+. Mutant cells responded to iron stress in a similar manner, al-
though iron stress caused only 40% decrease of the P700+ levels and
44% faster kinetics of P700+ reduction (Table 3). It should be noted,
however, that despite the acceleration of P700+ reduction under
iron stress conditions, the kinetics of P700+ dark reduction in ΔpetE
cells still remained 2-fold slower than that in WT indicating consis-
tently lower capacity for PSI-dependent cyclic electron ﬂow regard-
less of the growth conditions.
Considering that the photosynthetic electron transport chain shares
redox components with respiratory electron ﬂow [48,49], donation
of electrons from PSII and NDH- and/or succinate dehydrogenase-
mediated electron ﬂow from cytosolic respiratory donors and the cyclic
electron pathway(s) around PSI may all contribute, to varying extents,
to the intersystem electron transport and affect PSI photochemistry
[20,40,50–54]. To assess the contribution of different electron transfer
pathways to PSI photochemistry P700 oxidation/reduction transients
were measured in the presence of DBMIB to inhibit entry of electrons
from all sources to the Cyt b6/f complex, and HgCl2, to inhibit NDH-
mediated electron ﬂow from the cytosolic sources [55,54,50–52,20].
Although Hg2+ is known to affect the photosynthetic apparatus at
multiple sites including plastocyanin [50,51,54–57] the concentrations
of HgCl2 used in this study had no measurable effect on intersystem
electron transport [20]. Blocking the entry of electrons to PSI at the
level of Cyt b6/f complex by DBMIB resulted in 50% and 70% increase
of the relative level of P700 photooxidation in control WT and ΔpetE
mutant, respectively. Similar, effects were observed by blocking the
NDH-complex by HgCl2 (Table 3). However, while DBMIB treated cells
exhibited moderately slower rates of P700+ reduction, HgCl2-treated
cells exhibited a drastic decrease in the rate of dark reduction of
P700+ and this effect was 1.6-fold higher in ΔpetE compared to WT
cells (Table 3). These data conﬁrm earlier observations that electron do-
nation to the intersystem chainmediated by NDH-complex is themajor
electron source for reducing the P700+ in cyanobacteria [50,51,20,54]
A B
C D
Fig. 2. A — Absorption spectra of WT Synechoccocus cells grown in Fe-sufﬁcient (solid line) and Fe-deﬁcient (dashed line) media. Time courses of the PC/Chl ratio (B) and the po-
sition of the main red Chl absorption peak in WT (C) and ΔpetE mutant (D) of Synechococcus sp. PCC 7942 grown under Fe-sufﬁcient growth medium (ﬁlled symbols) and Fe-
deﬁcient medium (open symbols). Mean values±SE were calculated from a total of 10 measurements from 3 to 5 independent experiments. Chla and Phc contents are expressed
as relative content per cell density (nmole/A750).
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under control iron sufﬁcient growth conditions. In contrast, the lack of
measurable effect of HgCl2-treatment on both the extent of P700Table 2
Characteristic thermoluminescence (TL) peak emission temperatures (TM) and the
overall TL emission area (A) of S2/S3QB− glow peaks of wild type (WT) and ΔpetE mu-
tant of Synechococcus sp. PCC 7942 cells under control (+Fe) and iron deﬁcient
(−Fe) growth conditions. The samples were cooled to 2 °C and illuminated with two
single turnover ﬂashes of white light. The peak areas are presented as a percentage
of the total TL light emission in control WT cells. Mean values±SE were calculated
from 4 to 8 independent experiments.
Sample Control −Fe
TM (°C) A (%) TM (°C) A (%)
WT 23.1±0.2 100.0 29.0±1.2 85.3±6.2
ΔpetE 23.9±0.7 94.2±13.9 20.7±1.3 25.0±2.8oxidation and P700+ dark reduction in iron-stressed cells indicates
that NDH-mediated electron ﬂows have negligible contribution in re-
ducing P700+ and the faster dark reduction of P700+ might reﬂect an
up-regulation of cyclic electron pathway independent of the NDH
complex. Most probably the acceleration of cyclic electron ﬂow under
iron-limited conditions in both WT and ΔpetE cells could be due to
up-regulation of PsaE-dependent cyclic electron ﬂowaround PSI as sug-
gested in [52].
Alternatively, the absorption change corresponding to P700 pho-
tooxidation was measured in both WT and ΔpetE mutant samples
under excitation with saturating white actinic light (AL) exciting
both PSI and PSII. The contribution of linear electron transport from
PSII to the redox state of P700 was estimated by measuring the extent
of P700 photooxidation induced by ﬂash white actinic light (AL) in
the absence or presence of DCMU [44,40,54]. Representative traces
of reversible P700 photooxidation in response to a saturating ﬂash
of white actinic light, which can drive both cyclic and non-cyclic
A B
C D
Fig. 3. Typical traces of in vivomeasurements of P700 transients in WT (A, C) and ΔpetEmutant (B, D) Synechococcus sp. PCC 7942 cells grown under iron sufﬁcient (A, B) and iron
deﬁcient (C, D) conditions. Cells were collected 96 h after inoculation. The measurements were performed at a growth temperature of 35 °C. After reaching a steady state level of
P700+ by far red light (FR), single turnover (ST) and multiple turnover (MT) pulses of white actinic light were applied.
1282 A.G. Ivanov et al. / Biochimica et Biophysica Acta 1817 (2012) 1277–1284electron transport are presented in Fig. 4. In agreement with the FR-
induced P700 photooxidation data (Table 3) the extent of P700 pho-
tooxidation in control WT Synechococcus cells was 2.2-fold higherTable 3
Effects of iron-stress on far-red light induced steady state oxidation of P700 (ΔA820/
A820) and half times for P700+ reduction in WT and ΔpetE mutant Synechococcus sp.
PCC 7942 cells. The ﬁnal concentrations of the inhibitors used were as follows:
DBMIB — 12 μM; HgCl2 — 40 μM. Stock solutions of DBMIB (3 mM) was prepared in
95% ethanol. The concentration of ethanol added to the sample was always less than
0.5%. Mean values±SE were calculated from 6 to 30 measurements in 3–9 indepen-
dent experiments.
Variant ΔA/A (P700+) t1/2 (s)
WT ΔpetE WT ΔpetE
Control (+Fe) 1.84±0.07 0.88±0.05 0.41±0.02 0.87±0.06
+DBMIB 2.84±0.08 1.51±0.06 0.60±0.01 1.47±0.05
+HgCl2 2.50±0.03 1.58±0.12 5.78±0.35 9.14±1.59
Iron deﬁcient (−Fe) 0.41±0.01 0.52±0.07 0.20±0.02 0.49±0.05
+DBMIB 0.69±0.02 0.76±0.04 0.62±0.03 0.54±0.08
+HgCl2 0.45±0.03 0.54±0.03 0.54±0.02 0.39±0.15than that in ΔpetE mutant. Preventing the electron donation from
PSII in the presence of the PSII inhibitor DCMU caused a 65.4±1.1%
(n=4) increase of P700+ (Fig. 4C) in WT, and much smaller increase
(46.6±0.1%, n=4) of P700+ in ΔpetEmutant (Fig. 4D). This suggests
restricted ﬂow of electrons available for P700+ reduction originating
from PSII and delivered to P700 via the intersystem electron transport
in ΔpetE mutant cells relative to WT.
In summary, while both WT and ΔpetE mutant cells exhibited
comparable iron stress induced phenotypic changes (Fig. 2) the inac-
tivation of petE gene expression, which affects both linear and cyclic
electron ﬂows, was accompanied with a signiﬁcant reduction of the
growth rates compared to WT cells (Fig. 1, Table 1). We suggest
that in addition to the restricted PSII-dependent electron transport,
the intrinsically lower capacity for PSI-dependent electron ﬂow and
the lower capacity for its up-regulation (Table 3) may explain the de-
creased ability of ΔpetEmutant to sustain growth rates comparable to
WT under iron deﬁcient conditions. This also conﬁrms the earlier sug-
gestion that up-regulation of PSI-driven cyclic electron ﬂow plays an
essential role in acclimation of cyanobacteria to iron limited
conditions [20,15].
A B
C D
Fig. 4. Effects of DCMU (40 μM) treatment on the P700 photooxidation by white actinic light pulse (AL, 0.3 s) in WT (A, C) and ΔpetEmutant (B, D) Synechococcus sp. PCC 7942 cells
grown under iron sufﬁcient conditions. The extent of P700 photooxidation was estimated by the AL-induced absorbance changes at 820 nm.
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